Many plant genes are known to be involved in the development of cambium and wood, but how the expression and functional interaction of these genes determine the unique biology of wood remains largely unknown. We used the soc1ful loss of function mutant -the woodiest genotype known in the otherwise herbaceous model plant Arabidopsis -to investigate the expression and interactions of genes involved in secondary growth (wood formation). Detailed anatomical observations of the stem in combination with mRNA sequencing were used to assess transcriptome remodeling during xylogenesis in wild-type and woody soc1ful plants. To interpret the transcriptome changes, we constructed functional gene association networks of differentially expressed genes using the STRING database. This analysis revealed functionally enriched gene association hubs that are differentially expressed in herbaceous and woody tissues. In particular, we observed the differential expression of genes related to mechanical stress and jasmonate biosynthesis/signaling during wood formation in soc1ful plants that may be an effect of greater tension within woody tissues. Our results suggest that habit shifts from herbaceous to woody life forms observed in many angiosperm lineages could have evolved convergently by genetic changes that modulate the gene expression and interaction network, and thereby redeploy the conserved wood developmental program.
INTRODUCTION
Primary growth in plants is established during seedling development by the root and shoot apical meristems (RAM/SAM), enabling apical growth, and by the procambium initiating the vascular bundles. At later stages of development, the formation and activation of lateral meristems (vascular cambium and cork cambium) in many plants results in secondary growth, a crucial adaptation that has allowed the evolution of large terrestrial woody plants. By far the largest proportion of plant biomass in mature trees and shrubs is secondary xylem (or wood), which is produced by the vascular cambium towards the inside of the stem where it serves to transport water and nutrients upwards and to provide mechanical strength (Esau, 1977; Larson, 1994) .
In contrast to gymnosperms where the woody growth form is predominant, angiosperms show numerous habit forms and shifts, ranging from the woody ancestral state ('primary' woodiness) to herbaceousness and back to derived woodiness (Rowe and Paul-Victor, 2012) . This reestablishment of woodiness in otherwise herbaceous angiosperm groups reflects an evolutionary phenomenon known as insular woodiness or 'secondary' woodiness (Carlquist, 1974; Lens et al., 2013a) . The fact that derived woodiness has evolved hundreds of times suggests that the underlying genetic mechanism is relatively simple. Currently, the classical hypothesis explaining these convergent shifts is that modification in expression of a small number of genes, acting as 'master switches', are responsible for these habit shifts in many herbaceous plant groups (Groover, 2005; Spicer and Groover, 2010) . The loss-offunction double mutant soc1ful in Arabidopsis may be an example supporting such a master switch hypothesis. In this two-gene model, knock-out of genes encoding MADSbox flowering time transcription factors SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1) and FRUIT-FULL (FUL), results in the development of a shrubby phenotype and production of a much larger extent of woody tissue than any Arabidopsis genotype or treatment described to date (Melzer et al., 2008; Lens et al., 2012) . However, it is not known whether the flowering time genes SOC1 and FUL, or specific up/downstream genes, or perhaps genes that do not directly interact with SOC1 and FUL, serve as the master switches that directly suppress secondary growth in wild-type plants. It is also possible that the convergent habit shifts can be explained by the occurrence of a global gene interaction network, where any genetic change(s) modulating the gene expression and interaction network could potentially act as 'master switches' and thereby redeploy the conserved wood developmental pathway (Kaufmann et al., 2010) .
Transcriptional regulation is a primary control point for wood development characterized by the tight spatial and temporal regulation of genes expressed during specific stages of wood development, starting from cambial cell division, cell differentiation, cell expansion, secondary cell wall deposition and ending in programmed cell death (Hertzberg et al., 2001; Israelsson et al., 2003; Schrader et al., 2004; Zhou et al., 2009; Du and Groover, 2010; Agusti et al., 2011b; Hussey et al., 2013) . Phytohormone signaling is another important component that regulates secondary growth. Initiation and maintenance of the vascular cambium is influenced by auxin (Aloni, 1987; Uggla et al., 1996 Uggla et al., , 1998 Little et al., 2002; Nilsson et al., 2008; Agusti et al., 2011b) and cytokinin (Matsumoto-Kitano et al., 2008; Hejatko et al., 2009) , but other hormones such as ethylene (Love et al., 2009; Chang et al., 2013) , gibberellins (Bj€ orklund et al., 2007; Ragni et al., 2011) , jasmonates (Sehr et al., 2010) and strigolactones (Agusti et al., 2011a) have also been implicated in secondary growth. Interestingly, gene expression studies have revealed overlapping mechanisms between primary and secondary growth, since homologs of at least some genes expressed in the cambial zone during secondary growth of trees are also involved in establishing/function of the RAM/ SAM and the procambium (Schrader et al., 2004; Groover et al., 2006; Baucher et al., 2007; Du and Groover, 2010; Aichinger et al., 2012; Sanchez et al., 2012; Jouannet et al., 2015) . This may explain the conservation of secondary growth gene networks in herbaceous plants and the apparent ease of shifting back to the woody growth habit.
We compared gene expression profiles in stem developmental stages in the soc1ful woody Arabidopsis mutant with that of wild-type (WT) plants to identify genes involved in various stages of secondary growth, and linked the changes in gene expression with detailed anatomical observations. We also highlighted the expression profiles of genes and associated gene regulatory mechanisms already identified in previous studies (Aichinger et al., 2012; Sanchez et al., 2012; Schuetz et al., 2013; Zhang et al., 2014) , and report differentially expressed (DE) genes found during cambium and wood formation as well as their position in the STRING v.10 global Arabidopsis gene association network (Szklarczyk et al., 2015) to identify clusters of co-expressed and interacting genes acting as functional units.
RESULTS

Histology of the developmental stages in soc1ful and WT inflorescence stems
Identification of the developmental stages of secondary growth in the Arabidopsis inflorescence shoot was a necessary step before characterizing transcriptome remodeling during interfascicular cambium development and subsequent wood formation. We performed histological analyses of the inflorescence stem and observed that young (63 days after germination) soc1ful individuals already produced a large wood cylinder at the base of the main stem (about 20 cell rows), including mainly vessels and fibers, but no rays (Figure 1e ) (see Lens et al., 2012 ; for more details). Also, a closed cambium ring was formed at the base of side shoots (Figure 1d ). In contrast, secondary growth was limited to only a few cells within the vascular bundle region at the base of the main inflorescence stem in WT plants (42 days after germination; Figure 1g ) (see also Sankar et al., 2014) . For RNA sequencing, we selected herbaceous stages where the interfascicular cambium was lacking (Figure 1c for soc1-ful and Figure 1f for WT), cambium initiation stages showing actively dividing interfascicular cambium cells (Figure 1d for soc1ful and Figure 1g for WT), and a woody growth stage including active cambium producing a pronounced wood cylinder (Figure 1e , in soc1ful only).
Transcript abundance and differential gene expression in soc1ful and WT
In order to gain insight into signaling pathways and regulators involved in cambium initiation, cambium activity and wood formation, we identified genes DE during secondary growth. We performed transcriptome profiling using RNA sequencing focusing on two (WT) or three (woody mutant soc1ful) stem developmental stages of anatomically identical stem parts, and we also sequenced RNA of pooled rosette leaves from both genotypes (Figure 1) .
Of the 34 134 annotated gene models in TAIR10 we obtained detectable expression for 19 033 genes [fragments per kilobase of transcript per million mapped reads (FPKM) > 1 in at least one of the sampled tissues]. Transcript abundance profiles of leaf and stem stages, within each genotype, differed the most (between 3578 and 5627 DE genes; q-value <0.05), while stem stage comparisons within genotype were most similar (between 557 and 1389 DE genes; q-value <0.05). The numbers of DE genes in all pairwise comparisons of the seven stem and leaf stages are presented in Figure 2 (a).
Transcriptome comparisons between stems and leaves
MapMan analysis of metabolism-related DE genes in WT (cambium versus leaf) and soc1ful (cambium versus leaf)
A. thaliana, and in two woody species, Populus trichocarpa and Eucalyptus grandis (leaf versus stem xylem) are presented in Figure S3 in the Supporting Information (Hefer et al., 2015) . Similar changes in metabolic activities can be seen in all four plant datasets, with genes preferentially expressed in leaves being involved mainly in photosynthesis (e.g. tetrapyrrole synthesis, light reactions, Calvin cycle and photorespiration), and genes preferentially expressed in xylem/stem representing cell wall polysaccharide and lignin synthesis ( Figure S3 ). Several additional distinctions could be made, for example the xylem-specific investment in synthesis of nitrogen-and sulfur-containing glucosinolates in the stem tissue of Arabidopsis ( Figure S3a,b) , the expression of leaf-specific family members involved in phenylpropanoid synthesis in Populus and Eucalyptus (Figure S3c, d ) and the expansion and redundancy in xylemspecific galactinol synthase (GolS) genes in Eucalyptus ( Figure S3d ) and laccase genes in Populus ( Figure S3d ).
Transcriptome remodeling during stem development
In order to characterize transcriptome remodeling during secondary growth, we first selected the DE genes between the herbaceous (H) and the cambium (C) stage in either the WT and/or soc1ful inflorescence stem to identify candidate genes potentially involved in cambium initiation and formation. Secondly, we selected the DE genes between the cambium (C) and wood (W) stages in soc1ful to reveal candidate genes related to wood formation in Arabidopsis.
Only DE genes with two-fold change were used in further analyses (Table S4 ) to reduce the number of false positives in our analyses. We then screened for potential regulators of secondary growth such as transcription factors, genes involved in hormone signaling and biosynthesis as well as lignification, cell wall formation and flowering time (Table S4) . We compared genes that were DE during cambium (C versus H) and wood formation (W versus C) with previously published stem microarray expression profiling studies that applied stress by removing flower buds (Oh et al., 2003) , or bending the stem (Ko et al., 2004) or the leaves (Lee et al., 2005) (Figure 2b ,c, Table S4 ). During cambium initiation, we found a higher proportion of genes shared with the Oh et al. (2003) study compared with the Ko et al. (2004) and Lee et al. (2005) (Figure 2b ,c).
Transcriptome remodeling during cambium formation
The DE genes between the C and H stages in both WT and soc1ful are listed in Table S4 . Based on candidate genes already mentioned in the literature and specific expression profiles related to transcription factors, and regulation and synthesis of secondary cell walls and hormones, we further refined our selection of genes putatively involved in cambium formation and activity (Table 1) . We found changes in multiple hormone-related genes, especially genes involved in cytokinin, jasmonate (JA) and ethylene signaling. The DE cytokinin genes CKX1 and Cyp79B2 (Werner et al., 2003) are upregulated in the cambium samples. The same applies to the three JA regulators JAZ5, ATST2A and IAR3 (Kazan and Manners, 2012) , the JA-responsive genes NATA1 (Adio et al., 2011) and WRKY51 (Gao et al., 2011) and the ethylene related genes ETR2, ADH, JAL30 and At4G27450 (Liu and Wen, 2012) . Likewise, the expression of the JA-ethylene integrator ORA59 (Pre et al., 2008) and the JA-ethylene responsive gene AthCHIB (Zander et al., 2010) were upregulated. The brassinosteroid-induced gene ARL (Hu et al., 2006) was also upregulated. Moreover, there appears to be a link between cambium formation in stems and meristematic activity in roots, as evidenced by a number of upregulated genes such as AtMYB38, -68 (Dubos et al., 2010) and LRP1 (Krichevsky et al., 2009) that are associated with root meristem activity, and BRC2 (Aguilar- Martinez et al., 2007) , associated with meristematic activity in stems. One flowering time gene, GATA21, was downregulated during cambium formation in both genotypes. In addition, genes encoding two key enzymes involved in providing UDP-glucose for cellulose and xylan biosynthesis, SUS3 and SUS4, were preferentially expressed during cambium formation (Baroja-Fernandez et al., 2012) . LTP1 and LTP2, which are attributed to cell wall loosening, are upregulated (Chae et al., 2010) . Finally, three hydroxyproline-rich glycoproteins (HRGP), PELPK1 (Rashid and Deyholos, 2011) , AT5G09480 and AT4G38080, were preferentially expressed in the cambium samples compared with herbaceous developmental stages, especially in the mutant (>5 log 2 -fold in soc1ful; Table 1 ).
There were also a number of DE genes associated with cambium formation and activity in only one of the genotypes, especially in WT (Table S4) . Based on candidate genes already mentioned in the literature and specific expression profiles related to transcription factors, and regulation and synthesis of secondary cell walls and hormones, we further refined our selection (Table 2) . Again, there was a strong differential gene expression from Figure S4 ). H, herbaceous; C, cambium; W, wood; L, leaf. (b), (c) The overlap of DE genes during cambium formation (H versus C) in both genotypes (b) and in wood formation (C versus W) (c), compared with published transcriptome datasets from plants responding to mechanical stress (Oh et al., 2003; Ko et al., 2004; Lee et al., 2005 specific hormone pathways. The DE genes included those involved in cytokinin (upregulation of CHS, ARGOS, LOG5 and DRM2), JA (upregulation of AOC3, JAZ4, AtLOX2, TT8, ERF1, -13, -15, -104 and ERF-1, downregulation of FAD7), and ethylene signaling (upregulation of ERF11, RAP2.2, GAPCP-1, PCK1). Genes related to gibberellin action were also DE (upregulation of MYB62, ABC33, RGL3, RGL; downregulation of 2301 and MGP), and RGL and MGP also play a role in cell division/proliferation (Yoshida and Ueguchi-Tanaka, 2014 ). In addition, six genes involved in SAM function/formation (upregulation of CLE42, RTFL13, PDF1, ATHB-2; downregulation of TCP2 and HAT1) were DE in the cambium stage, predominantly in WT. Other genes which are reported to be involved in meristematic activity or cell division in roots (upregulation of AGL12, AtHSFB4, AtHB53), leaves (upregulation of AN3) or stems (upregulation of BRC1) (Aguilar-Martinez et al., 2007) were also DE. In addition to the flowering time genes RTFL13 and AN3, there was an upregulation of DVL3 and a downregulation of FT, SPL9, -10 and -11, and TRY in WT. Finally, genes related to cell wall assembly and modification (upregulation of TBL36, AtTEXT3, downregulation of TBL38, -40, GXMT1, TEXP15, FLA12) were DE in either the cambium of WT or soc1ful.
Transcriptome remodeling during wood formation in soc1ful
Comparing the transcriptome profiles in the cambium and wood stage in soc1ful allowed us to identify DE genes during wood formation in the mutant (Table S4) . Based on candidate genes already mentioned in the literature and specific expression profiles related to transcription factors, and regulation and synthesis of secondary cell walls and hormones, we further refined our selection of genes to those DE during wood formation (Table 3 ). In this analysis we again observed strong differential gene expression relating to phytohormone biosynthesis and signaling pathways. For instance, we identified DE genes involved in the cytokinin signaling pathway (downregulation of CKX1, LOG5, LEA4-5), the auxin pathway (upregulation of PBP1, SAUR72, AXR5, downregulation of LAX3), the JA pathway (upregulation in AOC1, -2, -3, AOS, LOX2, -3, -4, MYC2, ORA47, ERF-1, -5, -6, -13, ERF104, JAZ1, -2, -5, -6, -7, -9, -10, WRKY70, downregulation in LOX1 and AIB; Wasternack, 2007; Wasternack and Hause, 2013) assembly including TCH4, AIR3, SUS4, GATL9, -10 and CAD7 (all upregulated; Eudes et al., 2006; Kong et al., 2011) , and DE genes that may play roles in the altered inflorescence architecture of soc1ful, such as BBX16 (upregulated) and BUS1 and TFL-1 (both downregulated).
Gene community structure in cambium and wood formation networks
To investigate the properties of the gene regulatory network during secondary growth we mapped the lists of DE we found significantly more connected nodes and edges, higher network connectivity and average degree (edges per node), but lower average path length and number of isolated networks than expected by chance, especially during wood formation (Figure 3a ,c; P-value <1 9 10 À6 for each statistic for both networks). The cambium formation network consists of four isolated networks with more than three nodes; three networks have only three nodes each and the larger one has 1280 nodes (each node representing a gene product). The networks are composed of groups of nodes more connected with each other than the rest (i.e. communities). The main cambium formation network is composed of 110 communities, of which the 15 largest ones are visualized in Figure 3 (b). The wood formation network includes three isolated networks with more than three nodes; two small networks with three and five nodes and a main network with 392 nodes, including 43 communities of which the 10 largest are indicated in Figure 3(d) . Community analyses in both networks reveal enriched functionally related components. The five largest communities have identical annotations, namely photosynthesis, kinase, transcription factor activity/regulation, defense response and lignin/phenylpropanoid biosynthesis (Figure 3b,d ).
DISCUSSION
Expanding our ideas to explain the repeated genetic switch towards secondary woodiness in Brassicaceae: a global network hypothesis Several hundred Brassicaceae species have evolved into small trees (sub-)shrubs or woody lianas, representing multiple convergent evolutionary shifts from herbaceousness towards derived woodiness (Al-Shehbaz, 1984) . This high number of transitions in Brassicaceae -and angiosperms as a whole -in combination with the soc1ful twogene model in Arabidopsis suggests that the molecular change during the transition from primary to secondary growth requires relatively few genetic changes. The classical hypothesis for the genetic basis behind the repeated shifts towards woodiness involves only a few genes regulating the entire hierarchical wood developmental pathway, i.e. master switches (Groover, 2005; Spicer and Groover, 2010) . Several genes have been found to play a role during secondary growth (Tables S2 and S3 ), but the search for master switches is still ongoing. In our search for potential master switches that are DE during secondary growth, we encountered gene association networks containing functionally enriched hubs. Our analyses revealed that gene association networks of DE genes involved in cambium and wood formation are modular and highly interconnected and consist of many types of dosage-sensitive genes, including transcription factors and components of signal transduction pathways (Figure 3 ). Consequently, a modification in any number of these dosage-sensitive genes could result in a stoichiometric imbalance in the network and could affect a number of developmental processes such as wood formation (see reviews on gene and genomic balance; Veitia, 2007, 2012) . In other words, plasticity in habit shifts could also be explained by any genetic changes modulating a complex global network, rather than just changes in a master gene regulating a hierarchical network. To elaborate on this network hypothesis, more experimental work is needed to investigate the nature and direction of each interaction within the gene network (Taylor-Teeples et al., 2015) .
Similarities in molecular pathways between primary and secondary growth
Why have herbaceous species conserved the gene functions necessary for secondary growth? Firstly, most herbaceous species do produce a limited amount of wood at the base of their stems, largely for mechanical reasons (Lens et al., 2012) . Secondly, genetic networks in primary growth (primary meristems such as procambium, SAM, RAM) and secondary growth (vascular cambium) are highly similar (Jouannet et al., 2015) . For example, it has been shown that the class-I knotted homeobox (KNOX) genes BP and STM, the two class III homeodomain-leucine zipper (HD-ZIP) genes PHAVOLUTA/PHABULOSA and ATHB-15 (COR-ONA) and KANADI1 and MP/ARF5, are known to function in both primary meristems and the vascular cambium. Moreover, related genes such as CLV3-CLE41/44 and WUS-WOX4/14 are either active in the SAM or the vascular cambium (Schrader et al., 2004; Groover, 2005; Groover et al., 2006; Spicer and Groover, 2010; Aichinger et al., 2012) . The gene expression data presented in this study suggest that additional shared candidate genes are involved in both primary and secondary meristems. Two genes upregulated during cambium development in both WT and soc1-ful are MYB68 -expressed throughout the root pericycle and especially in cells that giving rise to lateral root meristems (Feng et al., 2004) -and PDF1, which is expressed in both SAM and lateral root primordia (Abe et al., 2001) (Table 1 ). In addition, Table 2 shows three genes, CLE42, ATHB-2 and HAT1, all of which preferentially expressed during cambium formation in the WT inflorescence stems. CLE42 is known to be expressed in SAM and axillary shoot meristems, and potentially regulates apical dominance and organ size (Strabala et al., 2006; Yaginuma et al., 2011) . The other two genes are members of the class II HD-ZIP family: ATHB2 is expressed in the procambium cells of embryos and during vascular development in the seedling, but also in RAM and SAM of mature embryos (Turchi et al., 2013), while HAT1 interacts with WUS in SAM and activates PLT that is required for root meristem development (Servet et al., 2010) . Interestingly, most of the genes known from the literature to be involved in various aspects of secondary growth are already expressed in early stages of stem development ( Figures S4 and S5 , Table S2 ). For most of these genes, although they are preferentially expressed in stems compared with leaves, changes in expression during secondary growth are not significant and/or do not reach the two-fold threshold compared with primary growth. This emphasizes the genetic resemblance between both stem developmental processes, and may help explain the apparent simple genetic mechanism that angiosperms have utilized to convergently shift from one life form to another.
Secondary growth in A. thaliana overlaps with stressrelated genes Several studies of transcriptome remodeling during inflorescence stem formation in Arabidopsis have emphasized the link between mechanical stress and initiation of secondary growth. For instance, Ko et al. (2004) observed cambium activity at the base of WT inflorescence stems after applying weights, while Sehr et al. (2010) found a significant proportion of touch-inducible genes (with dataderived from Lee et al., 2005) that were upregulated during initiation of vascular cambium. Furthermore, manual clipping of the developing inflorescences resulted in the formation of a complete vascular cambium ring at the base of the WT stem (Oh et al., 2003) . Sehr et al. (2010) hypothesized that expression of touchinducible genes reflects intra-tissue tension resulting from periclinal divisions in the vascular cambium at the onset of secondary growth. While we also found DE of mechanical stress-related genes during cambium formation in our study, the proportion of these genes is higher during wood formation (Table 3, Figure 3 ). This can be interpreted as a logical consequence of greater intra-tissue tension during more extensive wood formation in soc1ful. Likewise, the remarkably high frequency of upregulated genes involved in the JA pathway further highlights stress responses during wood formation. Many key genes involved in JA biosynthesis (AtLOX2, -3, -4, AOS, AOC1, -2, -3) as well as JA signaling genes are DE during wood formation in soc1-ful, including some of the JA master switches (ORA47, AtMYC2, JAZ1, -2, -5, -6, -7, -9, -10, AtERF-1, -5, -6, -13, ERF104, ATWRKY70) (Table 3 ; Wasternack, 2007; Wasternack and Hause, 2013) .
Despite the correlation between stress-related genes and secondary growth, we still do not fully understand the causal relationship. Although the stress responses we observed during the formation of cambium and wood could be the result of increased internal mechanical stress in the stem due to lateral growth, a whole array of abiotic stresses have been suggested to influence the evolutionary habit shift towards secondary woodiness throughout angiosperms. It seems that drought stress during evolutionary time-scales may be involved here, since most of the secondarily woody species occur in continental regions with at least a few consecutive dry months, such as savannas and (semi-)deserts (Lens et al., 2013a) . This is in agreement with xylem hydraulic experiments estimating differences in drought stress using stems of Arabidopsis (secondarily woody soc1ful and herbaceous WT; Lens et al., 2013b) . However, some secondarily woody species grow in very wet climates, suggesting that other abiotic triggers for wood formation that can also vary among groups. For example, the woody Southeast Asian Begonia species grow in high altitude, ultramafic soils that probably cause stress to the plants (Kidner et al., 2016) , while many of the insular woody species native to oceanic islands are often released from seasonal growth conditions (especially frost; Carlquist, 1974) .
Potential candidates for the link between the flowering pathway and cell proliferation
The soc1ful genotype combines a late flowering phenotype with enhanced cell proliferation via the vascular cambium, leading to increased secondary growth (see also Sibout et al., 2008) . We found three potential candidates, emphasizing the link between the reproductive pathway and cell division activity. The first one is XAL1, which both activates the flowering time genes SOC1, FT and LFY and influences cell proliferation in RAM (Tapia-Lopez et al., 2008) . In addition to its function in RAM, XAL1 is upregulated during cambium formation in the WT (Table 2 ). The second candidate is AN3 (or MOTHER OF FT), which is upregulated during cambium formation in soc1ful (Table 2) . AN3 acts as a flowering time gene with FT-like properties (Yoo et al., 2004) and it also coordinates cell proliferation in leaves (Kawade et al., 2013) . A third gene, REM1, is upregulated during wood formation and is normally expressed in SAM, in flower meristems and in lateral shoot meristems, while it also shows a co-expression with the flowering meristem identity gene LFY (Mantegazza et al., 2014) .
Arabidopsis thaliana soc1ful is a model for secondary growth
As mentioned before, previous transcriptome studies during stem formation in Arabidopsis inflorescences have identified multiple regulatory and structural genes involved in secondary cell wall formation and cambium formation (Oh et al., 2003; Ko et al., 2004; Ehlting et al., 2005; Sehr et al., 2010) . However, the stems investigated did not show extensive wood development, and some of the studies used short-day conditions (Chaffey et al., 2002; Tixier et al., 2013) , different types of stress agents (see 'Secondary growth in A. thaliana overlaps with stress-related genes') or hormonal treatments (Agusti et al., 2011b) to stimulate cambium activity. We have shown that the combination of stem and leaf transcriptome remodeling using herbaceous WT and woody soc1-ful individuals in Arabidopsis represents an excellent approach to investigating the genetic aspects of secondary growth. Firstly, our network analyses show a high connectivity among the DE genes during cambium and wood formation, providing a biologically meaningful structure in both networks (Figure 3) . Secondly, comparisons of transcript profiles indicate that metabolic processes in Arabidopsis soc1ful resemble those of the WT and non-related Populus and Eucalyptus trees ( Figure S3) . Finally, the wood anatomy of soc1ful and various related Brassicaceae shrubs and treelets growing in the wild is similar (Lens et al., 2012) . Altogether, this suggests that our transcriptome dataset is an excellent starting point for a comparative transcriptomics approach across woody species within the family.
Concluding thoughts
Our study shows that the molecular pathways involved in primary and secondary growth resemble each other closely and should be integrated with each other in plant developmental studies (Jouannet et al., 2015) . We also found expression of many mechanical stress-related genes during secondary growth, more particularly during wood formation, which can be related to increasing internal stem stress as a result of a wider wood cylinder pushing against the outer stem tissues. The complex and highly interconnected gene association networks observed during secondary growth may suggest that modification of any number of nodes within this network could potentially result in multiple habit shifts, although more experimental gene interactions and their effect on the global network must be further investigated (TaylorTeeples et al., 2015) . To conclude, A. thaliana is a good model to investigate gene expression and interaction networks to better understand the genetic mechanism(s) behind derived woodiness, because: (i) network approaches in Arabidopsis have proven to be promising based on recent studies of the role of gene regulatory networks in secondary cell wall synthesis (Hussey et al., 2013; Taylor-Teeples et al., 2015) , (ii) Arabidopsis is a member of the predominantly herbaceous family Brassicaceae, including several hundred species of woody (sub) shrubs, trees and lianas that have evolved multiple times (Al-Shehbaz, 1984) , and (iii) the woody soc1ful mutant is an example of a secondarily woody shrub that can be compared with herbaceous WT plants in an isogenic background (Lens et al., 2012) . Finally, our transcriptome dataset provides baseline data for further comparative transcriptomics studies on secondarily woody Brassicaceae and beyond. Such studies may allow us to further assess the potential roles of genes and interactions among these genes in networks responsible for wood development, one of the most fundamental processes on Earth that has been reinvented multiple times within angiosperms.
EXPERIMENTAL PROCEDURES Biological materials
We used A. thaliana (L.) Heynh. Columbia-0 (Col-0) ecotype (42-day-old individuals) and the woody mutant soc1-6ful-7 (63-day-old individuals) for our transcriptome sequencing and analysis. For the double mutant, we crossed soc1-6 (Salk_138131) and ful-7 (Salk_033647) T-DNA insertion lines (Alonso et al., 2003) . We selected homozygous double mutant individuals based on their late flowering and short-silique phenotypes, and confirmed the presence of the T-DNA insertions by PCR. To genotype the plants, we used the primer sequences from the Signal database (http:// signal.salk.edu): T-DNA Left Border LBb1.3 (5 0 -ATTTTGCCG ATTTCGGAAC-3 0 ), soc1-6 forward (5 0 -AAAGGATGAGGTTTC AAGCG-3 0 ), soc1-6 reverse (5 0 -ATGTGATTCCAVAAAAGGCC-3 0 ), ful-7 forward (5 0 -GGAATTTTATGGGGGAAG-3 0 ) and ful-7 reverse (5 0 -GCGAATTGTTGTGATCT-3 0 ).
Before germination, we incubated the seeds of the double mutants and wild-type plants in Petri dishes with moistened filter paper for 7 days at 4°C. We subsequently transferred 20 seedlings per genotype in individual 1-L pots in a growth chamber at 22°C in long days (16 h:8 h, light:dark) . To synchronize the time of flowering, we sowed the soc1-6 ful7 individuals 21 days before Col-0, and randomly arranged the pots on the same growing table.
Wood developmental stages
To identify stem regions corresponding to developmental stages of interest, we harvested two plants per genotype 4 days before the final sampling. We sectioned main and side branches at different heights (about every 0.5 cm along the stem) using a sliding microtome with freezing unit (MICROM International HM 450, http://www.microm-online.de/). Based on the preliminary anatomical observations, we identified the position of initiation of the vascular cambium in both genotypes and initiation of the wood cylinder in the double mutant (Figure 1 ). We then harvested 10 comparable individuals per treatment for RNA sequencing (RNAseq) and detailed anatomical observations. For the 10 double mutant individuals, three developmental stem stages (herbaceous, cambium and wood stage; Figure 1 ) and two stem stages of the WT (herbaceous and cambium stage; Figure 1 ) were harvested together with pooled basal rosette leaves. The samples for RNAseq were immediately transferred to liquid nitrogen and stored at À80°C until RNA extraction. The stem parts just above and below the RNA-seq samples were stored in 70% ethanol for detailed anatomical analysis. We sampled the 20 individuals on three consecutive days from 10:00 h to 12:00 h to avoid diurnal variation, and finally selected three individuals per genotype based on the anatomical analysis of the stem parts.
Stem anatomy
We embedded the stem samples for detailed anatomical observation in epoxy resin (EMbed-812 kit, EMS, https://www.emsdiasum.com/) using the modified protocol from Luft (1961 (Parkhomchuk et al., 2009 ). For each library, 100 bp were sequenced from both ends (PE100) yielding at least 20 million paired-end reads per sample. The raw Illumina sequences were deposited at the National Center for Biotechnology Information under accession numbers GSM1694242-GSM1694262.
RNA-seq data analyses
FastQ files were converted from Illumina 1.8 format to Sanger format using FASTQ GROOMER v.1.0.4 (Blankenberg et al., 2010) and read quality and quantity was assessed using FASTQC v.0.5.1 (http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc). Adapters and low-quality regions were trimmed using the pairaware software TRIMMOMATIC v.0.0.3 (Bolger et al., 2014) : Illumina TruSeq adapters were filtered out, the first nine bases were removed, a sliding window over four bases with a quality threshold of Phred > 20 was applied corresponding to a base call accuracy of >99% and only reads in pairs and with a minimum length of 45 bp were retained. The high-quality reads were mapped to the A. thaliana genome (TAIR10, 06/11/2013) using TOPHAT v.2.0.8 (Kim et al., 2013 ; using default parameters), the mapping statistics were assessed using FLAGSTAT v.1.0.0 (Blankenberg et al., 2010) and insertion size metrics calculated with SAMTOOLS v.1.56.0 (Li et al., 2009) . Relative transcript abundance was calculated using FPKM for biological replicates, and fold changes were statistically evaluated against the null hypothesis using CUFFDIFF v.2.1.1 (using the following parameters: -p 20 -u -N -b). Exploration of the CUFFDIFF output and quality assessments of biological replicates were performed using CUMMERBUND running on R-3.1.0 (Goff et al., 2012; R Development Core Team 2015) .
Divergence between transcript abundance was performed using Jenson-Shannon calculations and illustrated in the FPKM dendrogram ( Figure S1a ). All stem samples from one soc1ful individual (m21 in Table S1 ) clustered together, as well as the cambium and herbaceous stem sample from the WT individual Col1 (Table S1 , Figure S1b ). We carried out Gene Ontology term enrichment analyses focusing on the genes involved in this aggregation and could not find any obvious reason for the clustering (e.g. plant stress, response to herbivores). Since no biological reason for this clustering was found, we therefore excluded these samples. Consequently, 16 out of 21 samples were included in downstream analyses ( Figure S1c ).
Gene filtering, annotation and categorization
We selected DE based on a two-fold difference in transcript abundance to reduce the number of false positives (Table S3) . To account for multiple testing, changes were considered significant if their q-values (P-values corrected for multiple tests using the Benjamini-Hochberg false discovery rate) were below 0.05. Genes were annotated using TAIR10 annotations (http://www.arabidopsis.org/, 31/08/2013) and transcription factors identified against the Arabidopsis Plant TFDB v.3.0 (Jin et al., 2014) . We categorized genes involved in regulation and synthesis of secondary cell wall genes (lignin, cellulose/xylan) using gene lists (Hussey et al., 2013; Myburg et al., 2014) and genes involved in regulation and synthesis of hormones were matched with the Arabidopsis Hormone Database (Jiang et al., 2011) . We also investigate the overlap between this study and published microarray studies that applied stress by removing flower buds or bending the stem or the leaves (Oh et al., 2003; Ko et al., 2004; Lee et al., 2005) (general expression table; Table S4 ). To improve the readability, standard TAIR gene symbols are used throughout the paper, with the full gene names and AGI codes being presented in Table S3 .
Interaction network
To identify gene association networks during cambium or wood formation, the DE gene lists were mapped onto the STRING v.10 global Arabidopsis network (Szklarczyk et al., 2015) in R (R Development Core Team 2015) using STRINGdb (with score_thresh-old = 400) and visualized with IGRAPH (Cs ardi et al., 2008) . The STRING v.10 database is based on functional association, i.e. a specific and productive functional relationship between two proteins, probably contributing to a common biological purpose. The database integrates direct and indirect protein/gene interactions, de novo predicted interactions based on genomic information and co-expression, pathway knowledge and inferred interactions from other organisms based on pre-computed orthology relations. To evaluate both networks, we compared them with 40 randomized STRING networks using identical numbers of genes as input. The number of connected nodes and edges, average path length, connectivity, average degree (i.e. number of edges per node) and number of isolated networks was calculated for the observed and randomized networks, and statistically assessed using a one sample t-test or one-sample Wilcoxon signed rank test in R (Figure 3) .
To assess structure within both networks, we performed community detection analyses using an information-based algorithm as suggested previously (Lancichinetti and Fortunato, 2009; Orman et al., 2011) with the function infomap.community in IGRAPH. We visualized the various communities by applying force-directed graph drawing using the Fruchterman-Reingold algorithm (Fruchterman and Reingold, 1991) . Gene annotation enrichment analysis for categorization of the largest gene communities within the network was performed using DAVID v.6.7 (Huang et al., 2008) .
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